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Objective: KashineBeck disease (KBD) is an endemic degenerative osteoarthritis (OA) associated with
extracellular matrix degradation and chondrocyte necrosis in the articular and growth plate cartilage.
The role of mitochondria in degenerative diseases is widely recognized but its function in KBD is
unknown. The aim of this investigation was to evaluate mitochondrial function to understand the
mitochondria-mediated caspase activation and apoptosis in adult KBD chondrocytes.
Methods: Mitochondrial function was evaluated by analyzing the activities of respiratory chain enzyme
complexes and citrate synthase (CS), intracellular adenosine triphosphate (ATP) contents, as well as
changes in mitochondrial membrane potential (DJm). Apoptotic cell death was evaluated by analyzing
the cytochrome c release from mitochondria to the cytosol, caspase-9 and 3 activities, and the apoptosis
rate of KBD articular chondrocytes.
Results: Activities of complexes II, III, IV and V were reduced in KBD articular chondrocytes compared
with cells from normal controls. However, the mitochondrial mass was increased in KBD samples.
Cultured KBD chondrocytes had a reduction of cellular ATP levels and contained a higher proportion of
cells with de-energized mitochondria. Mitochondrial cytochrome c release and activation of caspase-9
and 3 were also observed. The percentages of positive apoptotic chondrocytes from the KBD patient
group stained by Hoechst nuclear stain and Annexin V/PI for ﬂow cytometry exhibited higher levels than
that of the healthy controls.
Conclusion: These ﬁndings suggest the involvement of mitochondrial function and apoptotic cell death in
the pathophysiology of KBD. The dysfunction of the mitochondria may play an important role in KBD
articular chondrocytes apoptosis.
 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
KashineBeck disease (KBD) is a chronic, endemic osteochondr-
opathy, which is mainly distributed in the area ranging from the
northeastern to the southwestern China, as well as some regions in
Russia and North Korea1e3. The etiology of the disease is unknown,
although three major environmental hypotheses have been
proposed in the past 50 years: endemic selenium deﬁciency,
serious cereal contamination by mycotoxin-producing fungi, andiong Guo, No. 76 Yanta West
29-82655091; Fax: 86-029-
s Research Society International. Phigh humic acid levels in drinking water4e8. The disease is man-
ifested as degradation of the matrix, cell necrosis mainly in the
articular and growth plate cartilage, which can result in growth
retardation, secondary osteoarthrosis, and disability in advanced
stages9,10. The chondrocytes are the only cell type present inmature
cartilage. They produce and maintain the cartilaginous matrix, and
are responsible for repairing the damaged tissue11.
Mitochondria are membrane enclosed organelles found in most
eukaryotic cells. They play an essential role in many cellular events:
oxidization of awide range of metabolic intermediates, generation of
mostof the cell’s energy supply in the formof adenosine triphosphate
(ATP), modulation of ionic homeostasis. In addition, mitochondria
serve as both a source of and a target for free radicals and mediate
apoptosis12. Inmitochondrial oxidative phosphorylation, the electronublished by Elsevier Ltd. All rights reserved.
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in the mitochondrial inner membrane with ATP synthesis from
adenosine diphosphate (ADP) via complex V. The movement of
electrons between the ﬁrst four complexes of the chain produces
a proton gradient across the innermitochondrialmembrane,which is
used for the production of ATP in complex V. It is possible that
a mitochondrial dysfunction leads to a signal cascade linked to pro-
grammed cell death, or apoptosis13,14.
Mitochondria are the targets of a variety of endogenous and
exogenous insults in many human diseases15e18. The impairment of
mitochondrial membrane phospholipids, DNA, or proteins can have
multiple effects on mitochondrial function, including decreased
activity of the mitochondrial respiratory chain complex, increased
permeability of mitochondrial membranes, dissipation of mito-
chondrial membrane potential and protonmotive force, and loss of
the mitochondrial components (e.g., cytochrome c)19e21. Recently
some research demonstrated that articular chondrocytes from
osteoarthritis (OA) showed a signiﬁcant reduction in complex II and
III activities compared to normal chondrocytes, as well as decreased
mitochondrial membrane potential (DJm), but exhibited an
increased mitochondrial mass22e24. The clinical, radiographic, and
pathological changes of advanced stage KBD are similar to those of
OA, but little is known regarding the roles of respiratory chain
complex activities and mitochondrial function in the pathogenesis
of cartilage chondrocytes in a KBD setting.
Apoptosis is a physiological process for maintaining homeo-
stasis in both embryogenic and adult tissue, but also has a role in
diseases involving articular cartilage degeneration, such as rheu-
matoid arthritis (RA) and OA25,26. Our previous studies have
demonstrated a high protein expression of bcl-2 and bax in carti-
lage sections from KBD children27. bcl-2 and bax are mitochondria-
related apoptotic factors28. Increased synthesis or translocation of
bax, a proapoptotic protein, can trigger depolarization of the
mitochondrial membrane potential, enhancing the release of
cytochrome c29. More recently, cytochrome c has been identiﬁed as
an important mediator in apoptotic pathways and is commonly
used as an indicator of the mitochondrial apoptotic process in the
cell30. The release of mitochondrial cytochrome c into the cyto-
plasm stimulates the activation of caspase-9 and 3, and ultimately
leads to cell apoptosis.
In the present study, we determined, ﬁrstly, mitochondrial func-
tion in human cultured chondrocytes from donors with macroscop-
ically normal and KBD cartilage by analyzing activation levels of
respiratory chain enzyme complexes, intracellular ATP contents, and
changes in mitochondrial membrane potential (DJm). Secondly, we
examined whether mitochondria-mediated caspase activation and
apoptosis occurred in adult KBD chondrocytes.
Materials and methods
Cartilage samples
Specimens of human articular cartilage were collected from
a total of 10 KBD patients and eight normal controls. KBD samples
were obtained from patients who were undergoing total knee
replacement surgery (four females/six males aged from 47 to 56
years old). The KBD adults that were selected for this study were
diagnosed as second and third degree, based on the Diagnosing
Criteria of KBD in China31. Normal human knee cartilage was
collected from fresh cadaver knees (three females/ﬁve males aged
from 38 to 55 years old). The cadaver donors, who died in trafﬁc
accidents, were from non-KBD areas and excluded KBD, and status
of control cartilage samples was diagnosed by histological exami-
nation with hematoxylin and eosin (H&E) staining, and excluded
the genetic bone and cartilage diseases, OA, and RA. Both cartilagetissues in normal and KBD group come from the same anatomical
site of femoral condyles. This investigation was approved by the
Human Ethics Committee of Xi’an Jiaotong University. All patients
and relatives of donors provided an informed consent.
Cultivation of human articular chondrocytes
Within 4 h after surgery or 12 h of death, cartilage tissues were
transported immediately in Dulbecco’s modiﬁed Eagle’s medium
(DMEM, Gibco) from the surgical operating room. After rinsing with
phosphate buffered saline (PBS) three times, the tissuewas incubated
at 37C with trypsin for 10 min. After removing the trypsin solution,
the cartilage slices were treated with type II collagenase (Gibco; 1 ml
solution per 100 mg tissue) at 37C for 12e16 h. Chondrocytes were
ﬁltered through gauze to remove undigested cartilage fragments.
Chondrocytes from individual donors were kept strictly separated in
all experiments. The released cellswere plated in cell culture ﬂasks in
DMEM supplemented with 12% fetal calf serum, 100 U/ml penicillin,
100 mg/ml streptomycin, 50 mg/ml ascorbic acid, and maintained in
a humidiﬁed atmosphere at 5% CO2 and 37C. The medium was
replaced two or three times a week. Primary cells, without passage,
were used in all experiments. Cell viability was assessed by trypan
blue dye exclusion, and stained cells were discarded.
Isolation of mitochondria
Mitochondria were isolated according to procedures previously
described32. Chondrocytes (5107 cells) were collected by trypsi-
nization, washed twicewith PBS, and sedimented at 600 g for 5 min
at 4C. Formitochondria isolation, chondrocytes were incubated for
3 min in10 mMTriseHCl, pH6.7,10 mMKCl, and1.5104 MMgCl2
and were homogenized by 30 passes through a PottereElvehjem
homogenizer. The homogenate was then resuspended in 0.25 M
sucrose and centrifuged for 5 min at 1200g to remove large debris
and nuclei. The supernatants were centrifuged at 12,000g for
15 min at 4C, yielding a cytosol-enriched supernatant fraction and
a mitochondrial pellet. The mitochondria were carefully resus-
pended in0.25 Msucrose, centrifugedat 12,000g for 15 minat 4C,
and the pellet dissolved in 100 ml SuceTris (0.25 M sucrose, 10 mM
Tris, pH 6.7) to obtain the ﬁnal mitochondrial fraction.
Evaluation of the citrate synthase (CS) activities and respiratory
chain complex activities
The measurement of speciﬁc respiratory chain enzymatic
activities and CS levels were performed as described33. The rote-
none-sensitive complex I activity was measured with 0.1 mM rote-
none by following the decrease in absorbance due to the oxidation
of reduced nicotinamide adenine dinucleotide (NADH) at 340 nm
(3¼ 6.22/mM/cm) in assay buffer by using a DU-640 spectropho-
tometer (Beckman Instruments, Palo Alto, CA, USA). Similarly,
complex II was assessed by following the reduction of 2,6-
dichlorophenolindophenol (DCPIP) at 600 nm (3¼ 22/mM/cm).
Complex III activity wasmeasured by the reduction of cytochrome c
at 550 nm (3¼ 19.6/mM/cm). Complex IV activity was measured by
the oxidation of reduced cytochrome c at 550 nm (3¼ 19.6/mM/
cm). Complex V was measured in the direction of ATP hydrolysis as
oligomycin-sensitive ATPase (3¼ 6.22/mM/cm). CS was evaluated
at 412 nm (3¼ 13.6/mM/cm) in 10 mM TriseHCl (pH 8), 10% Triton
X-100, 50 mM oxaloacetic acid, 10 mM acetyl CoA, and 0.1 M 5,50-
dithiobis(2-nitrobenzoic acid). The activities of the mitochondrial
respiratory chain complexes were calculated as nmol/min/mg
protein. The respiratory chain enzyme activity was normalized by
dividing the enzymatic activity rates corresponding to each enzyme
by the rate of CS activity.
Table I
Speciﬁc activity of the mitochondrial marker enzyme CS and mitochondrial respiratory chain complexes in cultures of chondrocytes from KBD and normal cartilage
Normal chondrocytes (95%CI) KBD chondrocytes (95%CI) P-Value
N 8 10
Proteins (mg/ml) 2.74 (2.33e3.15) 2.47 (2.04e2.91) 0.33
CS enzymatic activity (nmol/min/mg protein) 86.42 (73.24e99.59) 102.26 (92.59e111.94) 0.04
Mitochondrial complex activity*
Complex I 33.67 (28.37e38.96) 29.97 (26.55e33.39) 0.18
Complex II 12.89 (10.19e15.58) 7.69 (6.23e9.14) 0.001
Complex III 52.98 (47.48e58.47) 43.90 (40.09e47.69) 0.005
Complex IV 47.20 (42.05e52.35) 38.75 (35.31e42.18) 0.005
Complex V 52.46 (44.08e60.83) 41.71 (34.91e48.51) 0.03
ATP (pmol/106 cells) 40.25 (34.91e45.58) 29.32 (26.13e32.52) 0.001
* CS-corrected complex activity is expressed as (nmol/min/mg protein)/(CS speciﬁc activity)100. Complex I¼ rotenone-sensitive NADH-coenzyme Q1 reductase; complex
II¼ succinate dehydrogenase; complex III¼ antimycin-sensitive ubiquinol cytochrome c reductase; complex IV¼ cytochrome c oxidase; complex V¼ATP synthase.
Fig. 1. Correlation between complex V (ATP synthase) activity and cellular ATP content
in normal and KBD chondrocytes. Correlation of ATP content with activity of complex V
exhibits positive slopes, but no signiﬁcant correlation was found.
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The contents of cellular ATP in chondrocytes were determined
by a bioluminescence assay based on the luciferase requirement for
ATP in producing emission light, according to the protocol for the
Molecular Probes ATP Determination kit (Molecular Probes,
Eugene, OR). The luminant light (560 nm) emitted by the lucif-
erase-mediated reaction of ATP and luciferin was detected by
a Wallac Victor 1420 multilabel counter (Welch Allyn, Turku,
Finland).
Determination of DJm
DJm was assessed using the ﬂuorescent dye 5,50,6,60-
tetrachloro-1,10,3,30-tetraethylbenzimidazole carbocyanide iodide
(JC-1)34. Chondrocytes (1106) were collected by trypsinization,
washed in PBS, and incubated for 15 min at 37Cwith 20 mg/ml JC-1
(Molecular Probes, Eugene, OR, USA). Cells were pelleted at 600 g
for 5 min, washed in PBS, and analyzed by ﬂow cytometry (FCM)
using a FACScan and Cell-Quest software (Becton Dickinson,
Mountain View, CA, USA). Photomultiplier settings were adjusted
to detect JC-1 monomer ﬂuorescence signals on the ﬁlter 1 (FL1)
detector (green ﬂuorescence, centered at w390 nm) and JC-1
aggregate ﬂuorescence signals on the FL2 detector (red ﬂuores-
cence, centered at w340 nm). JC-1 exists as a monomer at low
values of DJm (green ﬂuorescence), while it forms aggregates at
high DJm (red ﬂuorescence). Mitochondrial depolarization is
indicated by a decrease in the red to green ﬂuorescence ratio.
Detection of mitochondrial cytochrome c release by Western blot
Subcellular fractionation andWestern blot analysis were used to
detect cytochrome c content in the cytosol and mitochondria. The
increased levels in the cytosol with a concomitant decrease in the
mitochondria are indicative of cytochrome c release from mito-
chondria. Protein concentrationwas assayedwith an aliquot of each
sample, and the remaining sample was boiled in sodium dodecyl
sulfate (SDS) sample buffer for 5 min. The protein samples from
each fraction were separated via SDS/polyacrylamide gel electro-
phoresis (PAGE) and subsequently transferred to polyvinylidene
diﬂuoride membranes (Millipore, Bedford, MA, USA). Membranes
were ﬁrst blocked in Tris buffered saline (TBS), pH 7.4 containing
0.1% Tween-20, and 5% non-fat dried milk for 60 min at room
temperature followed by incubation overnight with puriﬁed mouse
anti-cytochrome c monoclonal antibodies (Santa Cruz) in fresh
blocking solution at 4C. After washing, the membranes were
incubated with secondary horseradish peroxidase (HRP)-conju-
gated IgG. Antigeneantibody complexes were then visualized by
enhanced chemiluminescence.Measurement of caspase-9 and 3 activities
Activities of caspase-9 and 3 were determined using ﬂuorogenic
assay kits (R&D Systems, Minneapolis, MN). Human chondrocytes
were lysed, and cell extracts (25 mg total protein) were incubated
with 50 mM speciﬁc ﬂuorogenic peptide substrates, Leu-Glu-His-
Asp-7-amino-4-triﬂuoromethyl coumarin (LEHD-AFC) and Asp-
Glu-Val-Asp-7-amino-4-triﬂuoromethyl coumarin (DEVD-AFC) for
caspase-9 and 3, respectively. Intensities of ﬂuorescent products
were measured by the LS 55 spectrometer of PerkinElmer Instru-
ments (Shelton, CT, USA).
Hoechst 33258 staining
Apoptotic morphological changes in the nuclear chromatin of
cells were detected by Hoechst 33258 staining. Chondrocytes were
seeded on sterile glass coverslips placed in 6-well dishes. After
overnight growth, cells were washed with PBS and ﬁxed with 4%
paraformaldehyde for 10 min, followed by incubation with 50 mM
Hoechst 33258 staining solution for 10 min (Beyotime, Haimen,
China). After three washes with PBS, the cells were viewed under
a ﬂuorescence microscope (Olympus, IX-70, Japan).
Analysis of apoptosis rate by Annexin V-FITC/propidium iodide (PI)
FCM
The apoptosis rate was measured by FCM using the Annexin
V-FITC Apoptosis Detection kit according to the manufacturers’
instructions (BectonDickinson,San Jose, CA,USA). Inbrief, cellswere
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Fig. 2. Mitochondrial ﬂuorescence of KBD chondrocytes stained with JC-1 and analyzed by ﬂow cytometry. (A) Fluorescence-activated cell sorter analysis of mitochondrial
membrane potential in human chondrocytes. The study showed that chondrocytes could be classiﬁed into the following 4 subpopulations: group A, chondrocytes with high red and
low green ﬂuorescence (cells with normal mitochondrial polarization); group B, chondrocytes with low red and low green ﬂuorescence (debris and dead cells); group C, chon-
drocytes with high red and high green ﬂuorescence (cells with mitochondrial depolarization); and group D, chondrocytes with low red and high green ﬂuorescence (cells with
mitochondrial depolarization). (B) Quantiﬁcation of red and green ﬂuorescence. Histograms represent JC-1 ﬂuorescence of normal (left) and KBD (right) chondrocytes. The ratio of
green ﬂuorescence (green line)/red ﬂuorescence (red line) increases in KBD chondrocytes. These ﬁndings suggest a reduction of mitochondrial membrane potential and, therefore,
a decrease in the red:green ratio. (C) The proportion of cells with mitochondrial depolarization is greater in KBD than in normal chondrocytes. Group A¼ chondrocytes with high
red and low green ﬂuorescence (cells with normal mitochondrial polarization); group C¼ chondrocytes with high red and high green ﬂuorescence (cells with mitochondrial
depolarization); group D¼ chondrocytes with low red and high green ﬂuorescence (cells with mitochondrial depolarization). Each value represents mean 95%CI. *P 0.0001 vs
the normal chondrocytes.
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resuspended in binding buffer at a concentration of 1106 cells/ml,
in which 100 ml of cell suspension was added into a 5 ml FCM tube.
A total of 5 ml of AnnexinV-FITC and10 ml of 20 mg/ml PIwere added
and incubated in the dark for 15 min before a further addition of
400 ml of PBS. Quantitative analysis of apoptotic levelwasperformed
using a Flow Cytometer (Becton Dickinson, Mountain View, CA,USA). The apoptotic percentage of 10,000 cells was determined and
all experiments reported in this study were performed in triplicate.
Transmission electron microscope (TEM)
Primary chondrocytes were harvested by centrifugation,
washed once with PBS, and centrifuged again. The resulting pellets
J.T. Liu et al. / Osteoarthritis and Cartilage 18 (2010) 1218e12261222were then ﬁxed, dehydrated, embedded and sectioned. The
sections were stained with lead citrate and uranyl acetate, and
examined by electron microscopy (Hitachi, Japan). Three separately
cultured samples from each group were observed and the charac-
teristic morphologic changes of chondrocytes from KBD and the
control groups were recorded.
Statistical analysis
Results were expressed as the mean 95% conﬁdence interval
(CI). Individual donorswere studied in triplicate; cells fromdifferent
donors were not pooled in any experiment. Comparisons between
the twogroupswere carriedout using the Student’s two-tailed t test.
Interaction factors were analyzed but were not included in the ﬁnal
model, since theywere found not to be signiﬁcant. P values less than
or equal to 0.05 were considered signiﬁcant.
Results
Evaluation of mitochondrial function
Mitochondrial function was evaluated by analyzing the enzy-
matic activity of respiratory chain complexes and CS, intracellular
ATP contents, as well as changes in DJm. The activities of
complexes II, III, IV, and V were signiﬁcantly lower in KBD samples
compared to normal chondrocytes (Table I). In contrast, CS activity
was signiﬁcantly increased in KBD chondrocytes compared with
normal cells (Table I). Complex I activity in KBD chondrocytes was
lower than in normal cells, but the difference was not statistically
signiﬁcant (Table I).
The total ATP content in chondrocytes derived fromKBD samples
was signiﬁcantly reduced compared with the normal (Table I).
Although the intracellular ATP contents accompanied a decrease of
complex V activity, no signiﬁcant correlation could be detected
between the intracellular ATP contents and complex V activity in
KBD (R2¼ 0.21, P¼ 0.183) or normal (R2¼ 0.41, P¼ 0.089) (Fig. 1).
DJm was examined with the ﬂuorescent probe JC-1. The total
cell populationwas divided into two subsets: onewith an alteration
of DJm (green ﬂuorescence) and the other with normal DJm (red
ﬂuorescence) [Fig. 2(A)]. Quantitative studies performed by ﬂow
cytometry showed that KBD chondrocytes had a lower red:green
ﬂuorescence ratio than normal chondrocytes (0.75, 95%CI 0.71e0.79
vs 9.7, 95%CI 6.71e12.69, P 0.0001), indicating depolarization of
the mitochondria [Fig. 2(B)]. These results were the consequence of
a marked reduction in the percentage of KBD chondrocytes pos-
sessing normal mitochondrial polarization (6.87%, 95%CI
5.59e8.15% vs 83.77%, 95%CI 78.98e88.57%, P 0.0001) [Fig. 2(C)].
Furthermore, the proportion of cells with mitochondrial depolar-
ization was greater in KBD than in normal chondrocytes (cells with
high green and high red ﬂuorescence 60.52%, 95%CI 56.40e64.64%
vs 7.36%, 95%CI 4.21e10.52%, cells with high green and low red
ﬂuorescence 29.43%, 95%CI 26.26e32.60% vs 3.70%, 95%CI
2.07e5.33%; both P 0.0001) [Fig. 2(C)].Fig. 3. Western blot detection of cytochrome c. The presence of cytochrome c in the cyto
chondrial release of cytochrome c to the cytosol.Mitochondria-mediated caspase activation
In addition to their vital role as the cell’s power stations, mito-
chondria exert an important function in apoptosis. Cellular cyto-
chrome c release and speciﬁc caspase-9 and 3 activation were
analyzed to evaluate if mitochondria-related apoptotic factors are
involved in KBD pathogenesis. The cytochrome c of KBD cartilage
chondrocytes was obviously observed in the cytosol, accompanied
with a reduction in mitochondria. In contrast, no signiﬁcant
amount of cytochrome c was released from the mitochondria to the
cytosol in normal chondrocytes (Fig. 3). The activities of caspase-9
and 3 were respectively increased by 2.9- and 3.1-fold in KBD
compared to normal chondrocytes (Table II).Analysis of chondrocyte apoptosis
To explore chondrocyte apoptosis, we stained with the nuclear
dye, Hoechst 33258 along with Annexin V-FITC/PI methods. As
shown in Fig. 4, Hoechst-stained nuclei from chondrocytes of
normal donors did not show any cytoplasmic signs of apoptotic cell
death [Fig. 4(A and C)]. In contrast, KBD nuclei were smaller and
brighter than normal cells, and nuclear fragmentation and
condensation were evident [Fig. 4(B and D)]. The percentage of
apoptotic KBD cells was 14.19% (95%CI 10.83e17.57%) compared to
2.33% (95%CI 0.65e4.00%) in the control population.
When we measures apoptotic cells by FCM analysis with
Annexin V-FITC and PI double staining, KBD cells had 12.87% (95%CI
10.61e15.13%) compared to 3.59% (95%CI 2.29e4.89%) in the control
population (Fig. 5). These quantitative studies of apoptosis in KBD
and normal chondrocytes, indicated a signiﬁcant difference in the
percentage of apoptotic chondrocytes between KBD (12e15%) and
the normal cell samples (2e4%). The percentage of stained nuclei
assessed with the two distinct markers was comparable between
both sample groups.Ultramicrostructure
To further verify that mitochondria are involved in the patho-
physiology of KBD, we carried out morphological studies by elec-
tron microscopy. As demonstrated in Fig. 6, the chondrocytes from
the healthy control group showed a normal cytoplasmic and
nuclear morphology that included mitochondria, rough endo-
plasmic reticulum, glycogen and lipid in the cytoplasm [Fig. 6(A)].
Compared with the normal samples, KBD chondrocytes appeared
oval, and the nuclei were clearly distorted and the cells had a high
nucleus to cytoplasm ratio. The cytoplasm contained abundant
rough endoplasmic reticulum and a large number of vacuoles, and
smooth plasma membranes with few ﬁlopodia were observed
[Fig. 6(B)]. In control chondrocytes, mitochondria cristae were
normal and compact [Fig. 6(C)]. However, the mitochondria in KBD
cells were swelled, mitochondria cristae decreased and disordered,
and the number of mitochondria increased [Fig. 6(D)].solic fractions of KBD cartilage chondrocytes indicates that apoptosis involves mito-
Table II
Values of caspase-9 and 3 activities in cultures of chondrocytes from KBD patients
and normal subjects
Normal chondrocytes
(95%CI)
KBD chondrocytes
(95%CI)
P-Value
N 8 10
Caspase-9 activity
(pmol/min/mg protein)
0.68 (0.48e0.88) 2.70 (1.81e3.59) 0.001
Caspase-3 activity
(pmol/min/mg protein)
1.18 (1.03e1.33) 4.78 (3.32e6.24) 0.001
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This is the ﬁrst study to document the mitochondrial function in
KBD chondrocytes. Both KBD and control chondrocytes were
cultured under the same conditions and showed deﬁnitive and
signiﬁcant differences between the two groups. Our study demon-
strated a series of pathological events that were involved in the
developmentof KBD cartilage chondrocytes, includingmitochondrial
mass increase, mitochondrial respiratory chain complex dysfunction,
ATP depletion, mitochondrial depolarization, cytochrome c release,
caspase-9 and 3 activation, and apoptotic cell death.
In mitochondrial oxidative phosphorylation, electron transport
is coupled by the four enzyme complexes (IeIV) in the mitochon-
drial inner membrane, with ATP synthesis from ADP by complex V.
To compare respiratory chain complexes activities, we normalized
the enzymatic activities of the respiratory chain complexes
measured in isolated mitochondria to the activity of CS, since this
enzyme is considered to be a marker of mitochondrial mass and
because the speciﬁc respiratory complex:CS ratio indicates whether
differences in complex activities are due to the enrichment in
mitochondrial proteins or whether they result from a change in
mitochondrial metabolic function33.
The analysis of mitochondrial ETC activity in KBD chondrocytes
showed a deﬁnitive and signiﬁcant decrease in complexes II, III and
IV compared with normal chondrocytes (40.34%, 17.14% and 17.90%,
respectively). A dysfunction in complexes II, III and IV compromisesFig. 4. Apoptotic morphological changes in the nuclear chromatin of cells were detected
majority of cells had uniformly stained nuclei, KBD chondrocytes (B 200 and D 400) show
fragmentation and condensation).the electron transfer pathway. This defect could be solved by over-
loading the electron transport via complex I, a pathway with little
oxygen consumption35, or by increasing the anaerobic metabolism
to avoid excess production of reactive oxygen molecules. On the one
hand, the activity of complex I was slightly reduced in KBD chon-
drocytes, as conﬁrmed by the multiple regression analysis. On the
other hand, mitochondrial mass was increased in KBD, as demon-
strated by a signiﬁcant rise in CS activity. Therefore, an increase in
mitochondrial mass could be a mechanism by which KBD chon-
drocytes compensate for the electron transfer deﬁciency resulting
from dysfunction in complexes II, III and IV.
Complex V is one of the key enzymes responsible for aerobic
energy production after the mitochondrial ETC and is subject to
regulatory effects which depend on speciﬁc cellular metabolic
conditions such as hypoxia, metabolic uncoupling of mitochondria,
or calcium concentration36. This study demonstrated that KBD
chondrocytes had signiﬁcantly decreased complex V activity
compared with the normal control samples (20.49%). The decrease
in ETC complexes and complex V activities results in a lower
mitochondrial ATP production. Further, we detected the total
cellular ATP content was decreased in KBD compared with the
normal controls (27.14%). This defect could partly be compensated
by increasing the anaerobic metabolism to avoid excess production
of reactive oxygen molecules, since the articular chondrocytes have
a particularly active in vitro rate of anaerobic glycolysis37. Therefore,
no signiﬁcant correlation between complex V activity and intra-
cellular ATP content could be discerned.
KBD chondrocytes showed a reduction in the DJm, as demon-
strated both by a rise in green ﬂuorescence (mitochondrial depolar-
ization) and by a drop in red ﬂuorescence (normal mitochondrial
polarization). The integrity of the mitochondrial respiratory chain
complex is essential for maintaining the DJm24,38. Defects in the
individualcomplexactivities inducedbyspecial complex inhibitorsor
RNA interference technology, cause a deterioration of the
DJm24,36,39,40. CellularATP levels are alsovery important tomaintain
the DJm. Although cellular ATP is utilized to maintain the DJm,
mitochondrial ATP synthase requires a membrane potential for ATPby Hoechst 33258 staining. Normal chondrocytes (A 200 and C 400) showed the
ed the morphological changes typical of apoptosis (i.e., smaller and brighter nuclei with
Fig. 5. Chondrocyte apoptosis was measured by Annexin V-FITC/PI FCM. KBD chondrocytes (right) showed a higher apoptotic rate compared to normal control cells (left). Dot-plots
of human KBD chondrocytes were obtained by staining with Annexin V and PI as a measure of early apoptotic (lower right quadrant), late apoptotic (upper right), and necrotic
(upper left) cell populations; the lower left quadrant depicts live cells.
J.T. Liu et al. / Osteoarthritis and Cartilage 18 (2010) 1218e12261224synthesis. The reduction of both the mitochondrial respiratory chain
complex activities and cellular ATP content results in a marked
decrease in the DJm of KBD cartilage chondrocytes. However,
apoptosis requires ATP-dependent caspase activation. To explainFig. 6. Morphology of the cultured chondrocytes under electron microscopy. (A) Chondro
including mitochondria, rough endoplasmic reticulum, as well as glycogen and lipid in the
a high nucleus to cytoplasm ratio, and the cytoplasm contained abundant rough endopl
(TEM 6000). (C) Mitochondria cristae were normal and compact in control chondrocyt
decreased and disordered, and the number of mitochondria was increased (TEM 14,000)these contradictory results, we suggest that there are two cell pop-
ulations in depolarized KBD cells (low green ﬂuorescence), each of
which has a different number ofmitochondria possessing the normal
DJm (red ﬂuorescence) and a different susceptibility for apoptosis.cytes from the control group showed normal cytoplasmic and nuclear morphology,
cytoplasm (TEM 6000). (B) KBD chondrocytes were oval and had distorted nuclei,
asmic reticulum. Many vacuoles and smooth cell membrane appeared in cytoplasm
es (TEM 14,000). (D) The mitochondria in KBD were swelled, mitochondria cristae
.
J.T. Liu et al. / Osteoarthritis and Cartilage 18 (2010) 1218e1226 1225Mitochondria exert an important function in apoptosis. ATP
depletion and DJm collapse are associated with mitochondrial
swelling, disruption of the outer mitochondrial membrane, and the
release of proapoptotic factors such as cytochrome c. The proteins
bcl-2 and bax, located in the outer membrane of mitochondria, are
able to promote or inhibit apoptosis by stimulating or preventing
mitochondrial permeabilization and release of cytochrome c39,40.
Cytochrome c released from the mitochondria binds to apoptotic
protease activating factor-1 (Apaf-1) and this complex activates
procaspase-9. Activated caspase-9 cleaves the downstream caspase
cascade such as caspase-3. This expression is also correlated with
chondrocyte apoptosis and KBD lesions. Interestingly, our recent
work demonstrated that cartilage sections of KBD showed mark-
edly elevated bcl-2 and bax protein expression27. The current study
demonstrated that cytochrome c was released from mitochondria
to the cytosol, and caspase-9 and 3 were activated in KBD cartilage
chondrocytes.
The loss of articular cartilage in KBD is a central event. Moreover,
there is an important decrease in chondrocyte number owing to
increased cell death9,10. Apoptosis is an important basic biological
phenomenon in the regulation of the cell death. Our study showed
that the apoptotic rate was more important for KBD chondrocytes
(12e15%) than for normal chondrocytes (2e4%) isolated by colla-
genase digestion. Results from our study also demonstrated that
the extent of apoptosis by the Annexin V staining method corre-
lated well with that by Hoechst 33258 staining. It was consistent
with our recent studies, which showed the apoptotic rate was also
more important in KBD (0e34%) than in normal (0e4%) cartilage
sections from children27. Both results suggest that upregulated
apoptosis is present in KBD.
Although it is critical to mediate chondrocytes apoptosis,
mitochondrial may be secondary to KBD causes. As we know,
mitochondria are easy to be the targets of a variety of endogenous
and exogenous insults. Selenium deﬁciency induces dysfunction of
selenoproteins. Selenoproteins, including some localized in mito-
chondria, have been shown to exhibit a variety of biological func-
tions, including antioxidant functions, maintaining cellular redox
balance, and heavy metal detoxiﬁcation41,42, and compromise of
such important proteins would lead to oxidative stress and
apoptosis. T-2 toxin is also shown to induce reactive oxygen species
and compromise mitochondrial oxidative phosphorylation, which
lead tomitochondria-mediated apoptosis43,44. So it is likely that the
causes for KBD damage mitochondrial function, and/or generate
oxidative stress, which in turn, lead to tissue degeneration as
observed in KBD patients. More details of possible causes of mito-
chondrial dysfunction in KBD and comparison of KBD to OA will be
displayed in our next studies.
In conclusion, KBD chondrocytes exhibited a reduction in
mitochondrial respiratory activities of complexes II, III, IV, and V, as
well as a decrease in intracellular ATP content and DJm, but yiel-
ded an increase inmitochondrial mass (as measured by CS activity).
Furthermore, KBD cells displayed a release of proapoptotic factors
such as cytochrome c from the intermembrane space, and activa-
tion of caspase-9 and 3, leading to a higher number of apoptotic
chondrocytes. All of the current ﬁndings suggest the involvement of
mitochondrial function and apoptotic cell death in the patho-
physiology of KBD. Thus, the dysfunction of the mitochondria may
play an important role in chondrocyte apoptosis.
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